The objective of the presented research was to examine the potential of capillary electrophoresis (CE) for the analysis of structurally different reactive dyestuffs, their activation and posterior hydrolysis, with special focus on optimization of the working conditions. Preliminary, the effect of various additives to the background electrolyte on the resolution improvements versus migration time of Reactive Black 5 as a model dyestuff was investigated. Based on these results, the electropherograms of eight commercially interesting reactive dyestuffs of various chemical structures and their converted forms upon alkaline pH were carried-out. In order to examine the behavior of the reactive dyestuff during the dyeing process, the dye-bath absorbance was monitored throughout the Reactive Black 5 exhaustion, and the conversion of the dye's form was highlighted using the CE technique. The obtained results unequivocally prove that CE could offer a fast and efficient detection method of structurally different reactive dyestuffs, as well as their hydrolysis products in the dyebaths and effluents later on.
Introduction
Reactive dyes are extensively used in the textile industry because of their wide variety of color shades, high wet fastness profiles, simplicity of application, brilliant colors, and minimal energy consumption. 1 The four characteristic features of an exceedingly water-soluble reactive dye molecule's typical structure are the chromophoric group, the reactive system, a bridging group, and one or more solubilizing groups. 2 They mainly include azo, anthraquinone, triphenodioxazine or copper phtalocyanine chromophores, which contribute to the color and much of the substantivity for cellulose fibers. 3 The reactive system enables the dye to covalently bond with the -OH group in cellulose, with -NH2, -OH or -SH groups in protein fibers and with the -NH2 group in polyamide. Important reactive systems can be classified into two distinct categories, depending on the mechanism of dye-fiber bond formation (nucleophilic substitution and nucleophilic addition) and on the stability of this bond to a subsequent treatment (monofunctional, homo-or hetero-bifunctional and polyfunctional). 2 It is also well-known that during the application of reactive dyes to cellulose fibers under highly alkaline conditions, a competing hydrolysis reaction takes place, originating in the non-reactive oxi-dye form, which is lost for dyeing, and passes into the wastewater. 2, 4, 5 With the intention to identify and quantify the species present in dye-house effluents, the establishment of a suitable method is required. Because most dyes, particularly ionic sulfonated ones, are non-volatile compounds, they are not amenable to analyze by gas chromatography-mass spectrometry (GC-MS). Instead, methods based on paper and thin-layer chromatography and, more recently, high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE) have been developed. 6, 7 Electrophoresis is a process for separating charged molecules based on their movement through a fluid under the influence of an applied electric field. 8 Over the last decade some studies have been published that demonstrate the CE efficiency for the detection, quantification and separation of diverse synthetic textile dyestuffs. Sirén and Sulkava 9 developed the capillary zone electrophoresis (CZE) method with UV detection for the routine screening of black reactive and acid dyes, isolated from cotton and wool materials. Takeda et al. 10 reported on the analysis of colored wastewater and related reactive dyes by micellar electrokinetic chromatography (MEKC) with photo-diode array detection. Burkinshaw and Graham 11 employed CZE to determine whether this technique could be used to separate and quantify residual species present within a monochlorotriazinyl reactive dye-bath effluent and rinsed liquors. Burkinshaw et al. 12 also examined the form in which the vinylsulfone moiety was present during the dyeing of nylon 6,6 by hetero-bifunctional reactive dyes. Conneely et al. 13 published the CE application for studying the white-rot fungal degradation of two phthalocyanine dyes. Farry et al. 14 compared the hydrodynamic and electrokinetic modes of injection for four structurally different types of industrial dye using CZE. Besla et al. 15 investigated correlations between the dyes structures and their migration in CZE, by the analysis of 14 sulfonated azo dyes in a non-coated fused-silica capillary and a capillary coated with polyacrylamide, while considering different background electrolytes (type, pH and additive).
The aim of this work was to study the relationships between the structures of various reactive dyes and their hydrolysis upon alkaline pH, by means of capillary electrophoresis. The effect of various additives added to the background electrolyte on the dyestuff detection was evaluated with an emphasis on optimizing the working conditions versus the migration time. Finally, the behavior of selected dyestuff Reactive Black 5 was 1582 ANALYTICAL SCIENCES DECEMBER 2008, VOL. 24 examined during exhaust dyeing using both spectrophotometric and electrophoresis separation techniques in order to establish the extent of dye exhausted, by considering the form of the dyestuff residue.
Experimental

Dyestuffs and chemicals
A series of experiments were carried-out using eight commercial reactive dyes (without purified), selected by considering the most frequently utilized reactive systems and chromophore groups in the industrial extent. Their commercial names, color indexes and chemical constitutions are gathered in Fig. 1 , with two exceptions: Procion Blue MX-G (C.I. Reactive Blue 163) and Yoracron Marineblue BF-B (C.I. Reactive Blue 222), about which only the type of chromophore and the reactive system are known. Reactive Blue 163 is based on an oxazine chromophore with a dichloro-s-triazinyl reactive system, and Reactive Blue 222 is a diazo dye containing both monochloro-striazine and b-sulfatoethylsulfone groups. No information was provided by the companies about any impurities present.
All chemicals used for trials were of analytical grade: sodium borate (Na2B4O7·10H2O), sodium hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from Fluka. Sodium dodecyl sulfate (SDS), acetonitrile (ACN), polyvinyl alcohol (PVA) used as the background electrolyte additives were supplied from Sigma, and sodium sulfate (Na2SO4·12H2O), sodium carbonate (Na2CO3) and sodium hydrogenphosphates (Na2HPO4 and NaH2PO4) from Merck.
Hydrolysis
Eight dye-solutions were prepared in a concentration of 1 g/L by pasting and dissolving an individual dye ( Fig. 1 ) in distilled water, regarding the manufacturer's instructions on dye preparation for dyeing, followed by pH measurements. The dye-solutions temperature was set to 60˚C and pH to 9 or 11, respectively, by the addition of 32% NaOH, in order to simulate those alkaline conditions required for reactive dye application to cellulose fibers during the dyeing process. Samples were exposed to these conditions for 1 h, and afterwards analyzed using CE, with the intention of providing certain information about the conversion of structurally different dyestuffs into a highly reactive form, as well as establishing the origin of undesired hydrolysis reaction.
Dyeing procedure
Cotton fabric (9 g) was dyed in a sealed, stainless-steel dyepot of 250 cm 3 capacity, housed in a Turby (W. Mathis) laboratory-scale dyeing apparatus with medium bath circulation. Exhaust dyeing was carried out according to the standard procedure at 60˚C using a liquor ratio of 1:20. The initial dyebath contained 1 g/L of protective colloid with both sequestering and dispersing properties (Meropan DPE-Bezema), 40 g/L of Na2SO4·12H2O, 5 g/L of Na2CO3 and 2.5 mL/L of NaOH (32%) for pH 11 adjustments. After 5 min of dye-bath circulation at 60˚C, 1% of C.I. Reactive Black 5 dyestuff was added, and dyeing continued for 60 min. Dye-bath samples (0.2 mL) were collected every 15 min over the dyeing period and at the end of the process. Thereafter, they were immediately cooled to ambient temperature and neutralized to pH 7 by the addition of a mixed phosphate buffer (2:1 Na2HPO4:NaH2PO4) plus adequate amounts of HCl (1 M) to preclude further dye hydrolysis.
The absorbance was monitored on-line throughout the dyeing process at equal time intervals by means of a Cary 50 (Varian) UV-Vis spectrophotometer with a measuring probe of 0.2 mm optical length at a wavelength of the dyes' absorption maximum, according to the standard EN ISO 105-Z10. Additionally, the dye exhaustion rate (ER) was calculated using Eq. (1), where A0 and At are the absorbances in the original dye-bath and in the exhausted bath within a fixed period, respectively:
Above pH 10.5, a bathocromic shift of the C.I. Reactive Black 5 characteristic absorption band appeared within the visible spectrum (from wavelength 595 up to 620 nm); therefore, the absorbance in collected samples, which underwent exhaust dyeing, was recorded at 615 nm.
Capillary electrophoresis (CE)
Electrophoresis separation was conducted using an analytical capillary electrophoresis system, G-1600 (Agilent), equipped with an UV-visible absorbance diode array detector, and data software supplied by the manufacturer (Chemstation). Untreated fused-silica capillaries with a length of 50 cm and an internal diameter of 50 mm, with an extended light path of factor 3, were employed for all experiments. The electrophoresis system was operated under constant-voltage conditions of +25 kV, and a temperature of 25˚C. The detection was set at different wavelengths in the visible spectrum, corresponding to the absorbance maxima of the applied dyestuffs, i.e. to activate the capillary. The column was subsequently rinsed with 1 M NaOH (for 20 min), water (for 15 min) and the background electrolyte (for 20 min) until the stable baseline was obtained. In addition, the capillary was washed with the background electrolyte for 2 min prior to each sample injection.
CE separations were routinely performed with a borate buffer (pH 9.3) as the background electrolyte. It was prepared by dissolving the buffer's compounds in water purified using an Ultrapure Milli-Q apparatus (Millipore).
For resolution improvement studies, three different additives (SDS (50 and 100 mM), acetonitrile (10%), and PVA (0.05%), respectively) were added to 20 or 100 mM borate buffer.
Results and Discussion
Optimization of the CE analysis procedure
The migration of ionic compounds during CE analysis is strongly affected by the operational conditions, such as the type, pH, and concentration of the background electrolyte. 15 Although many electrolyte solutions can be found in the literature, [8] [9] [10] [11] [12] [13] [14] [15] [16] for the analysis of synthetic dyes the most common ones are borate, phosphate and carbonate. 16 CE separation selectivity can be improved by applying appropriate background modifiers, i.e. various organic solvents, surfactants and other additives, to the running electrolyte.
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In our research we intended to evaluate the optimal ratio between the concentration of the additives/background electrolyte and the migration time, by considering superior dyestuff detection. For this reason, the first set of experiments comprised the characterization of different additives, such as surfactant (SDS) and organic solvents (ACN and PVA), at two concentrations, added to the borate buffer for analyzing the model dye, Reactive Black 5. It was selected as a well-known representative of reactive dyestuffs, which can be applied by a wide variety of dyeing techniques, and has found widespread use in Slovenian textile dye-houses.
It is obvious from Fig. 2 that the addition of different solvents, ACN or PVA, respectively, to the background electrolyte caused poor reproducibility (the relative standard deviations of the migration time were ±21% (ACN) and ±13% (PVA); the number of experiments was 10), as well as a dramatically extended migration time (up to 22.6 min), due to an explicitly lower electroosmotic flow (EOF) through the capillary compared to the SDS, as reported elsewhere. 14 The same elongation of the migration time was observed when a major concentration of borate running buffer was applied, i.e. from 6.5 min for 20 mM Na-borate up to 14 min for 100 mM. It is well-known that different pH values of the running buffer are of essential importance, because it can influence the mobility of the analyte by changing the charge of its molecule and capillary wall. 17 The peaks of acid, direct, 15 reactive 10-12,14 and basic 18 dyes could be well-separated in the range of pH 9 -10, but the increase of the pH was found to prolong the migration time. Based on the above-discussed results, a 20 mM sodium borate buffer with pH 9.3 and 50 mM SDS as the background additive was chosen throughout all further investigations (the relative standard deviations of the migration time were ±3.7%; the number of experiments was 10). It has been reported that separation in the SDS-MEKC system is based on differential partitioning of an analyte between the running buffer solution phase and the pseudostationary micelle phase. 17 
Hydrolysis studies
Reactive dyestuffs are generally quite stable in a neutral solution at ambient temperature, 2, 19 while hydroxide ions at alkaline pH cause their activation to the highly reactive form required for dyeing. A subsequent hydrolytic attack is also possible by dye conversion into the hydrolyzed form, which is lost for a dyeing process, and must be washed-off from the fibers. Therefore, we subjected eight structurally different reactive dyestuffs with various chromophores, reactive systems and functionalities (Fig. 1) to the resembled condition of those during the course of dyeing. The electrophoresis analysis of selected dyestuffs (in neutral solutions), their activated and hydrolyzed forms (at pH 9 and 11), which underwent the preliminary optimized CE working conditions, are graphically represented in Figs. 3 -6 .
The electropherograms in Fig. 3 show two analyzed dyestuffs with the same b-sulfatoethylsulfone reactive system and different chromophores; RY 15 (left) contains azo and RB 19 (right) the antraquinone group. These dyes are intermediate in reactivity between the mono-and dicloro-s-triazine dyes, requiring a dyeing temperature of between 40 and 60˚C, depending on the pH, 19 since caustic soda is often selected to bring about alkaline hydrolysis of the precursor sulfate ester. 2 When analyzing a neutral RY 15 solution, one peak is observable at around 7 min, and is contributable to the b-sulfatoethylsulfone non-reactive form. The addition of alkali in the dye-solution resulted in a 1,2-elimination of the alkalisensitive b-sulfatoethylsulfone precursor, releasing the reactive vinylsulfone system by originating one peak at 5.3 min (pH 9), or a peak of minor intensity at 5.47 min (pH 11). At pH 11, another peak arose at a shorter migration time of 3.29 min, representing the undesirable hydrolyzed form of the dye known as 2-hydroxyethylsulfone.
Quite dissimilar results were obtained by analyzing RB 19 dye. It seems to be only partly resolved, and the representative peak of the dye could not be Two selected monofunctional dicloro-s-triazine dyes, i.e. RB 163 and RO 4 (analyzed on Fig. 4 ) are highly reactive, and can be readily applied to cellulose at dyeing temperatures of only 30 -40˚C and at a pH of about 10.5. 19 Because of this fact, an inclination toward hydrolyze reaction was expected under the experimental conditions employed. Especially, when dealing with RO 4, the activation had already begun in the initial neutral solution, implying two peaks at 4.8 and 6.9 min. At pH 9 the major peak that represents a highly reactive form of the dye has been intensified and shifted towards a longer migration time. Under highly alkaline pH 11 conditions, the formation of hydrolyzed (2-chloro-4-hydroxy-s-triazinylamino) species was observed in both RO 4 and RB 163 solutions, as an intensive peak appeared at a migration time of 8.2 min (RO 4) or 7.8 min (RB 163), respectively.
The CE results for homo bi-functional b-sulfatoethylsulfone RB 5 dye (Fig. 5, left) are similar to those obtained by the analysis of monofunctional RY 15 (Fig. 3, left) , with the exception of a prolonged migration time during an RB 5 analysis; therein the b-sulfatoethylsulfone form of dye was recorded at 9.5 min in the initial dye solution, one major (vinylsulfone) peak at 7.5 min (pH 9) and a peak of hydrolyzed form at 5.23 min (pH 11). This elongation of time could be explained by a theory 15 that appoints the dependence of the migration time of sulfonated azo dyes in CE on the number of sulfonic groups in their molecules (RY has only 2 groups and RB 5 has 4). Negatively charged sulfonated compounds migrate in opposites direction to their effective electrophoretic mobility, due to the higher electroosmotic flow mobility directed towards the cathode at the detector end of the capillary. From the righthand graphs in Fig. 5 , it could be concluded that the application of alkali in a RR 120 (homo bi-functional monocloro-s-triazine dye) solution had a minor effect on hydrolysis compared to RB 5, even at an elevated pH 11. Since RR 120 has approximately twice the molecule size of a simple dichloro-s-triazine dye RO 4, it is much more stable to the hydrolyse reaction, with a preferred dyeing temperature of about 80˚C and pH 11, 19 leading to fixation values of about 70 -80%. 2 Electropherograms of two bifunctional dyes with combined aminochloro-s-triazinyl/b-sulfatoethylsulfone reactive systems (RB 222 and RR 194) in initial solutions show a major peak at 10.8 min (RB 222) or at 6.6 min (RR 194), attributed to the nonreactive form (Fig. 6) . According to the literature, 4 this class of reactive dyes can offer greater flexibility in performance, while reducing the sensitivity to temperature, electrolyte, liquor ratio and pH variation, compared with the previously analyzed dyes, on account of the differing reactivity of two reactive groups. They can be applied over a wide range of temperatures (50 -80˚C); therein, low dyeing temperatures favor a reaction via the vinylsulfone system, and at higher temperatures the contribution of the chlorotriazine moiety becomes more important. 2 In both alkaline dye-solutions at pH 9, one wide peak is observable at the shorter migration time belonging to the reactive form of the dyes, which was intensified under pH 11. Also, the dye impurities are visible, particularly during the analysis of RR 194. 
Dyeing analysis
In order to examine the behavior of model dyestuff, Reactive Black 5 when undergoing exhaust dyeing, the dye-bath absorbance was monitored by on-line VIS spectrophotometry and the conversion of the dye form (also hydrolysis) by a capillary electrophoresis technique. The obtained data are graphically presented in the two diagrams of Fig. 7 , for an easier comparison. Exhaustion curves define the time-dependant distribution of dye between the dye-bath and cotton fabric during the dyeing process, and indicate dye adsorption on the fiber's surfaces and dye diffusion into the fibers, depending on the time.
The dye exhaustion rate after 60 min of dyeing at 60˚C was 64%, agreeing with the literature's data. 4, 7 The extent to which dye hydrolysis takes place varies quite markedly within the range 10 -40%, which depends on the system employed. Different studies also found that the average concentration of reactive dyestuffs in the effluent from a jet dyeing machine was about 60 mg/L, while that from a pad-batch process can be up to an order of 250 mg/L. 2, 4, 7 It is obvious from CE analysis of the initial dye-bath at the beginning of the dyeing process that one peak is present at around 5.4 min, attributable to the dye sulfatoethylsulfone form (Fig. 2) , which is not itself fiber-reactive, and is commonly referred to as the stable storage form. 4 Because of the huge amount of salt present in a dye-bath, which changes the electroosmotic flow throughout the capillary, the migration time of the above-mentioned peak was abbreviated to 5.4 min compared to those recorded for the RB 5 aqueous solution (at 9.5 min, Fig. 5A ). The ensuing exhaustion was conducted according to the standard dyeing procedure (at 60˚C, pH 11). Dye-bath samples were collected at fixed time intervals (after 15, 30, 45 and 60 min) and subjected to CE analysis in order to determine the form of the dye present. After 15 min since dyeing was started (ER 42%), a peak at around 4.7 min appeared, representing the highly reactive vinylsulfone form of the dye, as required for the permanent formation of a covalent dye-fiber bond. After 30 min (ER 63%), a peak at the shortest migration time, attributable to a fully hydrolyzed form, predominated over the vinylsulfone form. Afterwards, the differences between the electrophoresis peaks were namely minor, indicating that dye hydrolysis was virtually complete during application of the dye to the cotton fabric. Moreover, the exhaustion rate changed negligibly, which confirms the previously mentioned discussion.
Conclusions
The obtained results indicate that the applied CE system is a very well-suited method for monitoring the conversion of reactive dyestuffs from a non-reactive form over an activated form toward a hydrolysis compound. Very fast and efficient analyzes are possible using a simple 20 mM borate buffer at pH 9.3 with a scan resolution improvement by the addition of 50 mM SDS. The performance of the CE was verified by analyzing eight structurally different reactive dyestuffs subjected to neutral and alkaline conditions, and also by a behavior examination of Reactive Black 5 in a dye-bath during exhaust dyeing.
On the whole, converting reactive dye to a highly reactive form, as the preferred one for achieving dye-fiber fixation, also brings with it a dye hydrolysis above all at pH 11, as noticed throughout our study. 
